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l:irsl year  mults arc prcscnlcd  for tbc in-lligbt calibration and performance evaluation oflhc
‘1 ‘01’1  X Micrmvavc Radionwkr (’1 ‘Ml<), based on ovcrfli:,hl  comparisons with g,rouncl-bascct  ~valcr
v a p o r  r a d i o m e t e r  (WVR)  data, { compar i sons  al-c Inadc in tcms of both ‘I’MI<  brip,btncss
tmpcmt um and the I-CII icved rang,e  cm cct ion clue to Tropospheric waler vapor (path (iclay),

[’ompal-isons of ‘l’Ml{ brightness Icmpcratulc  mcasurcmcnts  tvitb predictions based on WVR
data and a calm sca flux model p]ovidcd  early rcxqnit  ion of ‘I’MI< pm-night calibration erlors
which  wm not apparmt  based on grounc]  Ii uth path delay  comparisons. 1,atcr comparisons, using
the final  ‘l’Ml<  calibration algorilhn~s, arc used to constlain  the model for lhc cairn sea su!-fi~ce nadir
cmissivity.  ‘1’hc results sup,gmt that the 18-37 <;1 lZ calm sca flux is cnhanccd  1-2 K relative. to the
pmd ictions of a Fmncl model for a inane surface,

{’comparisons in the path delay domain illustrate the advantages of using time and spacx
coincident gtound  mcasurcmcnts  for in-flip.ht calibration and performance monitoring, ofsatcl]itc
radiometer n~casurcmcnts, ‘Ihc results demonstrate that elimination of temporal and spatial

dcconclation errors rcduccs  path delay comparison residuals to Icss than 1 cm, in contrast to the 3
cm scattci  pmduc. ed by the customary radiosondc  conlpar-isons.

Keywords: ‘1’01’1 ‘.X Microwave Radiometer, water vapor radiometer, JVCI troposphere range
correction, path delay, ir~-fli Sht calibration, brightnms  tcmpcraturc

1. introduction

Altimetry n~casurcmcnts of sca ICVCI require a number of mrrcctions for att~~os~~}]crc-it](il]ccct
time (iclays, one of which is that caused by tropospheric water  vapor and c]oud  liquid, ‘l’his  delay,
cxpmscd  as a rat~gc corlcction (hcrcaftcr  rcfcrrcd  to as path delay), is highly variable in time and
space, ran:,  ing flonl -- 3 cm for cold, dry conditions to 45 cm for warm, humid conditions, ‘J’hc
‘1’01’1 X Microwave Radiometer (’l’Ml<) was included in the ‘1’[)1’1  X/1’oscidon  altimetry mission to
provide the path delay rxrrcction  to an accumcy of 1,2 cm (Carlisle ct al., 1991). ‘l’he ‘1 ‘Ml< consists
of Ihrcc  nadir-viewing chanmls  ( 18, 21, and 37 G] IY) which measure the emission (brightness
tcmpcrat urc) from the at mosphcrc  and sea sul-f’acx. ‘1 ‘hc 21 (11 IZ channel, opcrat  ing, near the peak
of Ihc 22.235 G] Iz. water vapor absorption resonance, is t}lc primary vapor sensing channel, ‘]’hc 37
(;1 lY channel is most sensitive to liquid watcJ and provides a mcasurcmcnt  LJscd 10 scparale the
liquid and vapor contributions in the prcscncc of clouds. ‘1’hc 18 G1 lZ channel provides a correction
for variability in the sea suI-face  backp,round flLIx due mainly to the effects of wind on lhc surface

cmissivity.  IXrc  to the frequency proximity of the 18 and 21 G] Iz channels, t}lcy respond nearly
equally to variations in the sca surface flux,  ‘1’bus, variations in atmospheric water vapor abundance,
and the related path delay, arc strongly mrrclatcd with the brightness tcmpcraturc ctiffci-cncc
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bctwccn  t}]c 21 and 18 (;1 k nwasutcmcn[s.  l’or fur [her dclails  on Ihc interpretation of the ‘1’MR
rncasurcmcnts  in terms of path delay  (Ihc  “retrieval algorithm”), scc Kcihm et al. ( 1993a).

]n-flight  calibration ofthc ‘I’MI{ anlcnna  tclnpcratur-c  measurements is pcrl’ortncd  by alternately
switchin~  the radiometer input bctwccn  the main antenna, a smaller antcnrla  pointed into cold space,

or to an intcrna] matched load. ‘Ilc antctlna  temper-aturc calibration equations take into acmunt
hardware compcmnt losses and their temperature dcpcndcncics,  l~hich  were determined prior to
launch in a series of thermal vacuum (“l’/V) tesls (Ruf cl al., 1993a).  I {rmr soums associated with
the prc-launch  antcntla tcmpcraturc  algorithm irmludc  errors in the cxtlapolation from ‘IN simulated
col(i space at -77 K to in-flight cold space at - 2.7 K, high order instrument non-linearities  not
pmpcrly  rnodcllcd  by the quadratic calibration algorithm, and small rncasurcmcnt  crmrs  in the ‘IN

tests.

‘1’hc conversion of antenna tcmpcraturcs  to nadir hrightncss  tcrnpcraturcs  requires a scccmd
calibration algorithm which takes into account side lobe contributions to t}m rncasurcd signals
(.lanssc]j  et al,,  1993), Antenna range n~casurcrncnts, conducted prior to launc}~, were used to

(ictcrminc  beam pattern paramctms  whic}~ wctc inc]udcd in Ihc antenna pattcm corr’cction  (A1’C)
algorithm. 1 lrror sources assrxiatcd  with the Al>(;  include errors in the antenna rans,c  mcasutcmcnts
and unccrlaintics  in the brightrms  temperatures viewed by the cm-car[h side lobes, An additional
potential sourcx of A1)C algorithm error  was a last minute thcrrnal  blanketing modification to the
antenna, made prior to launch but after the antenna ran~e rncasurcrncnts  were cornplctcd  (I<uf ct. al,
1993 b),

In-flight testing of the “l’Ml{ calibration algorithms was carried out during the six month
vcr-ification  phase following launch. Various sources of “ground truth”, including radiosonchx,  water

vapor  tadiomctcrs  (WVRS), and climatological rnodcls,  were cornparcd  with ovcrflmvn  ‘I’MI{
mcasurcrncnls  in both the brightness tcrnl)craturc  and rctricvcd  path delay domains, Similar to
verification studies for previously flown water vapor rnicrowavc sensors (1 ,ipcs, 1982; Alishouse
cl al., 1990), radiosondcs were used as the primary calibration standard in the integrated water  vapor
(path delay) domain (Ruf et al,, 1993b).  ‘1’wcnty-thr-cc island radiosondc  launch sites, located within
50 kn] of the ‘] ’()]’} ~x/J’oscidorl grourld  track, Ivc,re used as the co]nparison  data base. Radiosondes

ollcr t hrcc primary advantages for cal i brat iot I of water v~por-related satellite mcasurernents:  no-cost
availability, abundance of data, and direct nlcasurmcnt of the vapor and tmpcrature profllcs which
dctcrminc  the path delay. ‘1’hc primary disadvantages atc large tctnporal and spatial dccorrelations
relative to the ‘I’M]{ rncasurcmcnls  and cmors in the radiosondc  relative humidity rncasurcrmmts,
c.specially in the prcscncc  of clouds or very dry conditions (Schwartz and IX&vcll, 1991). In
addition, comparisons in the path delay domain alone do not reveal the source(s) of in-flight
calibration crmrs.  As demonstrated by the early ‘1’MR pcrformancc, and dcscribcd  in this paper,
satisfactory comparisons can bc oblaincd in the path dcla}~ domain while Iargc,  but cornpcnsating,

errors arc present in the satellite brightness tcrnpcraturc  rncasurcrncnts.

(iround-based  WVRS arc especially useful  for sa!cllitc micmwavc  sensor calibration in the
brightness tcmpcraturc  domain, WVRS  directly rncasurc the atnmsp}~cric  crnissions  which arc the



main sc)tlrccc)i-~lariability  inthcopc noman satellite ~~licro}va~’c  ]]lcasul-ct]lcr~ ts. “1’oprcdict  ‘1’MR

brig[ltllcss lclllrlcralllres  frolll Ihc WVR mcasurcmcnls,  a sea sul-face flux moclcl is required to
account for the backfgound  contributions 10 the nadir-vicwinf,  nlcasul-cmcnts.  };or calm conditions
this model is WCII constrained by knmvlcdp,c  ofthc sca surface tcmpcraturc  within an accuracy of
a ltw dcgrccs Kelvin. in fi~ct, results ofthc final ‘l’Ml< algorithm adjustments suggest that the ‘l’Ml-t
operational brig, htncss tcmpcraturc  accuracies arc sufficient to rcflnc the calm ocean model flux
levels at the ‘l’Ml< frcqucncics  to accuracies of 1-2 K.

in this paper the role of WVRs in the ‘I’M}< in-flight calibration is emphasized. In scclion  11 wc

dcscribc  the deployment and operational characteristics of the WVRS used in the ‘l’Ml< verification
processing, Section 11 I presents results of ‘l’Ml{-WV]{ comparisons in the brightness tcmpcraturc
domain. 1 lata which lcd to the early detection of lar~,c ‘l’Ml< antenna calibration crms is shown,
followed by the results of the first year of comparison data using the final ‘I’M}< calibration
algorithms. in this section cvidcncc  is ptcscnlcd  su~y,csting, that the actual calm sca flux is cnhanccd
--2 K above the l;rcsncl  predictions for a flat surface, Smtion 1 V presents “l’MR-WV]< comparisons
in the path delay domain based on the frnal  ‘1’MK algorithms and the first year of data, in section V
the WV]<  comparison results arc summarixcd  and lessons learned regarding the utilization of WVRS
for satellite instrument calibration arc discussed.

II. WV]{ Deployment  and Operation

IJor the purposes of validation of the altimeter and ‘l’Ml< pcrfbrmancc,  WVRS  were deployed
prior to cycle 1 mcasurcmcnts,  and have continued operation, at 1.ampcdusa island (35.57N,
12.57}:), in the Mcditcrrancan  Sea, and the 1 larvcst  oil platform (34.47N, 120.68 W), 11 km from
the California coastline near Santa IIarbara “1’hcsc were the primary vcrificaticm  sites for Ihc
I’oscidon (CNl\S) and ‘1’01’l:X (NASA) altimeters rcspcctivcly.  “1’hc vcrilication  site WVRS arc
identical three-frequency l-units, built at the .lct Propulsion 1,aboratory,  with c}lanncls  at 20.7, 22.’2,
and 31.4 (illz (Kcihm et al,,  1993 b). in ad(iition,  a J]’], I)-unit WV]<, operating, at 20.7 and 31.4
(;1 17,, was dcployccl  for - one month periods at the island sites of Chichi lima, .lapan (27.08N,
142. 181{)  during Scptcrnbcr,  1992, and Norfolk, Australia (29.03S, 167.931i)  from october 15-
Novcmbcr  15, 1992. ‘1’hcsc sites were chosen for their proximity to the ‘1’01’I{X/l’oscidon
~roundtraek  and to provide high (Chichi  l ima) and low (Norfolk) cnd }~umidity  cond i t ion
comparisons early in the verification phase, Minimum groundtraek  separations at the four WVR
silts arc 21 km at 1,ampcdusa,  () km at 1 larvcsl  (direct overflight), 32 km at Chichi lima, and 29 km

al Norfolk.

At all sites the WVRS opcmtcd  in a continuous tipping, curve mode, monitoring instrument gain
and zenith sky brightness tcmpcmturc  variations at a 1.5 minulc sampling rate. In this rnodc absolute
bri~;htncss tcmpcraturc  accuracies of O.5 K have been demonstrated for the J and 1)-unit radiometers
(Kcihm,  1991). ‘1’hc zenith mcasurcrncnts  were converted to integrated vapor abundamc  and path
delay using statistical retrievals based on correlations with cornputcd  brightness tcmpcmturcs from
radiosondc  data archives. “1’hc unccr[ainty  in WVI<-rctricvcd  path delay is less than 0,3 cm duc 10
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instmmcmt cflccts alone. ‘1’hc largest crm irl the path dc]ay rclricval  is duc to a - 5-1 00/0 uncertainty
in the line slrcngth  of the vapor absorption model required to convm the measured brig~,htness
lcmpcraturcs  10 vapor abundanm  (path delay).  Since the same model of vapor absorption was used
in both the ‘I’MI{ and WV]<  path delay rcll-icval algorithms, this cmor is transparent for ‘1 ‘M R-WVR
comparisons in the path delay  domain,

IH tbc blip,htncss  tcmpcraturc domain, comparisons of ’1’MR with WVR pr-cdictions  required a
convcrsim  ofthc WV]<  mcasurmcnts  to the “l’Ml< frcqucncics  and a model for Ihc sea surface flux
contribution to the (io\vr~\\’ard-\’ it\\’it~~l, ‘lMI<. ‘1’hc frcqumcy  conversion produces nc~ll igiblc cl roT-
bceausc the vapor absorption nmdcl  line shaix  is WCII constrained (1 lill, 1986: Kcihm, 199?).  };or
the sca surface {lUX ccmponcnt,  mcasmd sca sur-hcc  tcmpcraturcs  were multi plicci  by tcnlpcraturc-
dcpcndcnt  hrcsnc]  emlssivitlcs  calculated  from the K]cin and Stvifl ( 1977) formulation for ocean
diclcctiic  proper-tics. l;or  the bl-ightncss tcm~icratut-c domain comparisons, only calm  sea ‘1’MR dala,
as dctcrmincd  from the ‘l’Ml{ wind speed algorithm (Kcihm et al., 1993a), were USC(I  to minimi~e
missivity  variations duc to wind-gcncratcd foanl  and rouf,}~ncss,  ‘Ihc comp]ctc algorithm used to
mnvcI-t  WVR brightness tcmpcratum  to prcdictccl  ‘l’MI<  brig)~tncss  temperatures is presented by
Ruf ct al. ( 1993 b).

‘through August, 1993, - 100 overflight comparisons of the WVR sites have been obtained,
including twelve from the temporary stations at ~~hichi lima and Nmfolk. At 1,ampcclusa,  w}lcrc
both ascending and dcsccnciing  ground  tracks Iic tvithin 50 km of the site, 55 ‘1’MI<-WVf<
comparisons were obtained over the iilst year of operation, No 1.ampcdusa  WVR data \vas obtained
over a six week interval at the end of 19Y2 duc to a hard}vare  failure incurred during, a scvcrc
clcctl-ical  stmm.  At tbc } larvcst  oil platform numerous WV]? hardware fail um occumd,  result inp,
in the loss of 12 of the first 40 cycles of ovclpass  comparison data, ‘1’hcsc failures can bc att[-ibutcd
to the hamh cnvironmcntat  conditions at 1 larvcst.  in addition to the salt sca air cffccls,  the I larvcst
WV]< is located less than four meters from a helicopter Ian(jirlp,  pad and is sub~cct  to intense
vibrations four times daily during, the helicopter landings and takeoffs,

III. Results of ‘1’NIR-WV1l Brightness ‘1’cmpcratuie  (:onlparisons

ltarly dctrction  of ‘I’M 1{ bright ncss temperature offsets

Within six weeks jmt-launch, prior to the completion of orbit maneuvers and the onset of cycle
1 tiata,  1 larvcst  and 1,ampcdusa  overflight comparisons of”1 ‘MR and WVl{-prcctictcd  br~ghtncss
tcvnpcrat  urcs rcvcalcd  6-12 K offsets, wit})  the ‘I’M R low in all channels (E’igurc 1, crpcn squares).
“1’hc problcm  was not apparent in the paih delay domain comparisons because the offsets pmduccd
laT-gcly compensating effects in the path (iclay  retrieval alp,orithm.  (i{ccall  that the ‘1’Ml<-derived

rctl-icvals arc strongly corrc]atcd  with the 21 minus 18 (i] 1/ brig}ltncss  tempcrat  urc differences. ) ‘lo
(ictcrminc the source of the Iargc offsets, a number of possible explanations were cmsi(icrcd,
inclu(iing errors in the A1>C algorithm, crmrs  in our assumc(i model of sca surface flux, and errors
in the antenna tcmpcraturc  cal ibrat ion, At’tcr climinatin~~,  the AI)C and surfiacc  ilux model
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uncertainties as insufiicicnl to pmducc  the observed offsets, we discovered that par[ ofthc pre-
launch ‘1’/V dala, used to calibrate the ‘l’MI<  sensitivity to the cold sky brig,htncss lcmpcraturc,  ~vas
ill\`alid dllctolargc  tcl~l~ratllrc  gradict~ts [>rrscr~~ iI~tl~c’I’/V ccJldskytargct.  “I’l~ccrror  ~vasc{~rrcctc(l
by idcntilving,  other ‘l’/V’ data taken when the cold  sky largct  temperature was stable. ‘1’hc resultant
revised ar~tcnlla tcl~lpcratl)rc  calibratiolla  lgorithl~l csscntiallyrcmovcd  all ofthcbiascs  rclativcto

thcWVl<conlparis  ondata(cro  ssdataofl:igurc  1).

‘1’hc J-csults  shown in l;igurc  1, based on the revised antenna temperature algorithm, do not

rcl>rcscr~t  t}lcfit~al  'l` Ml< brightl~css  tct~~Wratllrc  calibratio~l. Sn~allc  rad-lustn~cn tswcrclatc  rrequircd
based primarily on the ‘1’Ml<-radiosondc  comparisons in the path delay  domain. ‘1’hcsc comparisons

rcvcalcd  ascalccrmrof  - 100/0, aflcrt}lc  al~tclll~a  lclll]>cratLlre  calibl`atioIl  rc\Jisio~l, \\ritlltIlc'l`Ml<-
derived path delays increasingly low relative to the radiosondc mcasurcmcnts  for moderate to high
vapor conditions. ‘1’hc scale error was corrcctcd  by -- 5°/0 rcfincmcnts  to both the Al)C’ algorithm and

the vapor absorption model line s(rcngth  used in the path delay retrieval algorithm, ‘1’his division
was based on a number of considerations. l;irst,  the “l’MI<-WVI< path delay comparisons wet-c

5°/0 although the number and rang)c  of t};c early  comparisonsconsistent with a smaller scale error, - . ,
were insufl;cienl  to constrain the scale error by better than a fiictor  oflwo. “l’his result  sug,g,csted  that
al least part ofthc scale error was dLIC to inslrurncnt calibration effects, since the “1’MI<-WVR  path

delay  comparisons arc tlansparcnt  to absorption model  errors. Second, comparisons of the ‘1’MR
brightness tcmpcraturcs  with data from the Special Sensor Microwave/ln~agcr (SSM/1)  radiometer
over the Anla~.on rain forest rcvcalcd  biases of 6-9 K (’I’MR low) for the highest brightness

tcmpcraturcs  measured, where gain errors have the largest effect. “1’hcsc high end of(scts  were
corrcctcd  by Cain adlustmcnts  in the Al’C’ al~orithm of - 50/0 in the three ‘l’Ml< chaTmcls,

performed in such a way as to correct -- half of the observed path delay scale crl-or. ‘1’hc rcTnainin{:
scale crlor was eliminated by the So/O line strength I-cduction  in the path delay retrieval algorithm’s

vapor absorptioTl model. l;or a Tnorc detailed discussion of the final ‘I’MI{ algorithlTl  modifications,
scc l<uf et al, ( 1993 b),

‘1’MIvWVR brightness tcmimrafurc  comparisons using the final “I’M]{  calibration algorithms

‘1’hc final ‘1’MR instrument gaiT~ ad-justmcnts have been used 10 recompute the ‘1’M1<-nlcasurcd
Vcrslls Wv]{-prcdictcd  brightness tcmpcraturc  comparisons over the first full year of operation. ‘1’k

results, shown in figures 2-4 for the } larvcst,  1,ampcdusa, and Norfolk sites, include only overpasses
characterized by low wind speeds and cloud free coTldilions,  ‘1’hc Chichi Jima results arc not shown
bccausc oTIly two ofthc overpasses satisfied the clear, calm criteria.

‘1’hc figures clearly illustrate that  the WVK predictions of ‘l’Ml< brightness tcmpcra(urcs  arc
systcnlatically  low ~’or all three “l’Ml{ channels. “]’hc larger offsets seen at 1 larvcst  and 1,ampcdusa,

relative to Norfolk, arc primarily duc to the effects of land mass coTltaTninatioT~ iT~ the nlaiT~ bcaTn
(defined below) and side lobes ofthc ‘I’M]<  data at the primary vcriflcatioT~  sites. Norfolk Island is
loc.atcd -- 1 ?00 km from the eastern coast of Australia, with no closer large land masses. ‘1’bus, no
sip,nificant  land cTlhaTlccnlcnts  in the ‘I’M}{ TnaiT]  beam or on-cartb  side lobes is cxpcctcd  for Norfolk

overpasses. At 1 larvcst,  however, a significant fractioT~  of the main bcanl  and - half of the on-carlh
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side lobes view California and the ivcstcrn ( 1.S. At 1,ampcdusa,  a smallcx fraction of the main beam
))icws  ‘] ’Llnisia, tNI - 800/0 oflhc on-earth  side lobes vim the combined land masses of southern

1 lulopc, norlhcrn Africa, and southwcslctn  Asia, ‘l’his land contanlination  causes a significant

cnhancmcnt  in the measured ‘1’MR antmna  tcmpcraturcs.  ‘1’hc brightness tmpcmturcs  arc similarly
cnhanccd  since the AI)C algorithm is designed for open ocean mcasurcmcnts.

‘1’o assess the land contamination effects at I ]arvcst  and 1,ampcdusa, the prc-launch  antcnntt
pat[ctn  nwasur-cmcnls  were convolved with nlap-ctctcrmincd  land mass l’[-actions and the expected

br-ighlness  Iempcraturc  diffcrcncc bctwccn  land and \valcr.

0,
A’l’[l f l)(0) *l{ O)* Arl’l~O)*dO (1)

(1

where Al’,l equals the antenna Icrnpcraturc  cnhanccnwrrt  relative to an open-ocean measurement,

O equals the polar angle measured from satellite nadir, P(6)*d0 equals the fractional beam power
in the annulus from  0 to O I d(l,  f(0) equals the land fraction at O, and Arl’l~O) equals the brightness
tcmpcl-aturc cnhanccmcnl  of land rclalive  to water  at 0, in 1 ;quation  ( 1 ) a circular symmetric bcarn
is assumed and 0[ : S5° is the ]imit oft}m on-earth side lobes,

Similar to the All’ algorithm (.lansscn  et al,, 1993), the integral in l;quation  ( 1 ) can be divided
into a main beam (0 O-1 O) and the on-earth side lobes (O 10-55). over the main beam equation
( 1 ) is solved numerically, ciividing  the integral into 100 increments of (), 1 dcp,rccs in 0, computinp,
1~0) from maps and the gmundtrack coordinates at the point of comparison, and usin~, a constant
value of A “1’1,(0) equal to 260 minus the site overpass average ‘I’M]<  main beam brightness

tcmpcralurc,  ‘l’,,,P, (I;or  all O wc assume a land brightness temperature of 260 K,) Ovcr the on-earth
si{ic  lobes (O 10-55), the differential beam pmvcr  is slowly  varying and the intcgt-a]  can be
evaluated to sufilcicnt  accuracy by using averaged quantities, yielding

where b equals the fractional beam power from O 10-55, 1; lt)-j~ cqL1als ‘he  ‘e t a ]  lar~d ‘ractiorl  ‘ror]l
O 10-5S, and ‘I’e equals the latitude-dependent aver-age open-ocean on-earth brightness
temper-aturc. Values  of the above pararnctcrs used to compute  land contamination effects  at 1 Iarvcst
and 1,arnpcdusa  arc given in ‘1’able 1, {’umulativc  beam power  fractions and land fractions in lhe
main beam arc shown in l~igures 5 and 6. Note that the ground track position used for the 1 larvcst

comparisons is 40 km ((3 - 1.7 degrees) from the coastlim.

‘1’hc computed results  for the main beam, on-cal-th side lobe, and total land contamination
cflccts  at I larvcst and 1.ampcdusa are shown in ‘I able  2. ‘1 ‘he. larp,c.st  c.fleets arc in the 18 and 21 (i 1 Iz
channels at 1 larvcst  for which the largest fraction of the main beam covers land. At 1,ampcdusa,
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1 /WllpCdUSa, Wbic}l lies - 140 km from ‘1’unisia, the pcr[urbation  is dominated by Ilw cm-carlh
side Iobc effects and the fact Ihat  - W!/O  of the 10-55 dcgrcc  beam views land,

‘1’hc land-cmrcctcd  ‘l’Ml< brightness tcmpcraturc  “offsets”, rclalivc  to lhc WVR predictions al

the ovc~-pass sites, are obtained by subtracting lhc total land effects in “1’able 2 from the measured
ol’fscts shown in ilgurcs  2 and 3. ‘1’hc results arc given in “1’able 3, including the Norfolk comparison
data fbr which no land correction was applied. (Note that Ihc ~-clativcly high beam efflcicncics allo~v
us to assume that the compulcd  land cflkcts arc equivalent for antenna and brightness temperatures. )

‘1’hc impmlant result is an apparent 1-2 K cnhanccmmt  relative to the WV]<  predictions which can
bc at[ributcd  to a slightly higher calm sea surface flux t}~an that prcdictcd  for a plane Iaycr  with
the Klein-Swifl dielectric pmpcrtics.  l{vidcncc mists that either small scale mughncss  ((lay danskiy
ct al,. 1988)  or uncertainties in the Klein-Swift dic]cctric  properly model above 10 (;1 IY, (Wcntz,
1992) could  account for the measured offsets,

‘1’hc reliability of the 1-2 K enhancement result depends primarily on the uncertainties of the final
“l’MI< calibration algorithms. 13ascd cm an evaluation of the uncertainties of all constraints which
dctcrmincd  the final calibration, an absolute ‘I’MI<  brightnms  tcmpcraturc accuracy of 1.5 K is
estimated (Ruf ct al,, 1993b), ‘1’hc uncertainly of the I larvcst  and 1,ampcdusa  land contamination

corrections is estimated to bc < 20°A of the computed values based on unccr[aintics  in the land
fraction and land tcmpcraturc  estimates. ‘1’hc largest unccrlaintics  arc fol the 18 and 21 Gl]z
channels at I Iarvest  where the largest fractions of the main beam view land ‘1’hc reason why the
highest residual offsets at all three ‘l’Ml{ frcqucncics  occur at the 1,ampcdusa  site is not clear. Onc
possible explanation is an crmr  in the on-earth side lobe fractions which would affect the
1,ampcdusa land correction -- twice as strongly as at 1 larvcst,  lt is noteworthy that the results from
Norfolk island, where land contamination effects arc negligible, support a 2 K enhancement.

IV. Results of ‘I’M R-WVR Path l)clay  Comparisons

‘ll~c first full year of”l’Ml{-WVR  overpass path delay rctticval  comparisons are shown in h’igurcs
‘7 (1 larvcst),  8 (1 ,ampcdusa),  and 9 (Norfolk and Chichi  lima), ‘1’hc final  ‘1’MR calibration algorithms
ha~c been used, and the WV}{ rclricval alg,oril}nns  have been modiflcd to reflect the 5% decrease
in the vapor absorption model  line strclig[h incorporated into Ihc “1’Mf{ algorithm, With the

cvwcption of two unexplained outlicrs  at } lalvcst,  all data is shown, including, high wind and cloudy
cases. Most of the biases seen at I larvcst  and l,ampcdusa  can bc explained by the land
contaminant ion cflccts,  which have not been removed from  Ihc ‘I ‘MI< data for these comparisons. “1 ‘hc
largest bias, - 1 cm at 1,ampcdusa, is consistent with the 0.9 K relative offset (h’i~urcs 3a, 3b)
bctwccn  the 21 and 18 Gl IY channels at 1,ampcdusa.  It is noteworthy that, when the land
contamination corrcctims  arc applied at 1 larvcst  and 1,ampcdusa, the r-m residuals at all sites arc
ICSS than 1 cm of path delay diffcrcncc, well within the mission specification accuracy of 1,2 cm,

‘1’hc scatter at all sites is remarkably low, cspmially  when the effects of WV]{ and spatial
dccorrclation  errors arc taken  into account. ‘J’his result illustrates an important advantage of
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uiiliz.inp, WVRS for the in-ilight calibration of vapor scnstn:,  radiometers. An island-dcplqcd  W VI<,
locaIcd on or near the sa{cllik  gt-oundtrack,  eliminates almost  all oflhc dccmrclation  errors inherent
10 radiosor]dc-satellite comparisons. IIy contrasi,  Ihc ‘1’MR-radiosonde  path delay comparisons, used
10 fInc Iunc  Ihc final ‘I’M]<  aljyrithms.  IVCIC characterized by rms residual  differences of- 3 cm,
:ilmost all of which could  be aliributed  10 spatial and temporal  dcmnclations  between the vapor

burdens sensed by lhe ‘I’M]<  and radiosondes  (Ruf et al,,  1993b).

‘l’he mean slope of the scatter plol for 1,ampcdusa  (I;igure 8), suggests the presence ofa small

residual scale error  in the final ‘I’M}{ algorithm path delay  retrievals, A similar f]nding,  has been
rcpor[cd  based on global  ‘l’MI{ comparisons with the 1 ;uropcan  C’cn(ci-  for Medium range Weather
l;mccasting  (llCMWI;  ) c]imatolog,ical  model (Stum,  1993), ‘1’he ICMW1; model, based Iargcl>  on
the global  interpolation of surface and radiosondc  data, successfully predicts global-scale features
of the path delay val-ialions,  but often  produces 100-500  km errors in the pmitioninp,  of sharp
Iatitudc-dcpcndcnt  features (Stun),  1993), In contrast, the final-algorithm ‘I’M]-? comparisons with
individual near-gmundtrack radimmdc rncasurcnvmts yield no scale error in the path delay domain
(I<uf cl al,,  1993b). ‘1’hc zero scale crtor  result is also supported by comparisons oi’the ‘l’Ml< and
1 lRS-1 satellite radiometer path delay retrievals in the vicinity of crossover points (Stun),  1993).
llascd  on the results of the nmrc  direct comparisons, \vc believe that the apparent scale error seen
in the 1,ampcdusa ‘1’MR-WVR  path delay comparisons is most likely due to a small  residual “gain”
cr[or associa(cd with the uncertainties ofthc land contamination effect.

V. Summary and l)iscussion.

<iround-based  water vapor radiometers provided valuable comparison data for the in-flight

calibration and performance assessment of the ‘1’OP11X Microwave Radiometer-. WVl{-based
predictions of ‘l’Ml{ brightness temperatures at the 1 ]arvcst  and 1,ampcdusa  verification sites
pmvidcd  early rccognitim of larp,c  ‘l’MI<  offsets and constrained the resultant antenna temperature

calibration algorithm correction. 1,atcr ‘l’MI{-WVI< comparisons, using the i’lnal  ‘l’Ml{ calibration
algorithms and the first year of calm sea dala,  demonstrated the importance of land contamination
cflkcts at the 1 Iarvcst and 1 mlpedusa vcrilk.ation  sites. After application of cmccticms for the lan(i
cflects,  the ‘1’Mi< vs. WVi<-prcdictcd  brightness temperature comparisons indicalcd  average offsets
of 1-2. K (’I’M}< high),  indicative of a correction to be appiicd to the l;rcsnci  model of the cairn sca
surface crnissivity.

Comparisons of “lMl{ and WV]<  path delay  rctricvais  at four gl-oun(i  sites demonstrated the
impor-tancc  of co-location and time s?mcilronizalion  for water vapor-related data, Spatial and
tcmporai  decor-relations inherent to the traditional radiosondc  site path dciay  comparisons produce
- 3 cm of rms residual for average space and time separations of 100 km and 3 hours (Ruf cl ai.,

i 993 b). Uncertainties in the cval uation  of the [iccorrcialion contribution to the iargc  radimondc
comparison scatlcl-  makes it dii’hrlt to assess the satcliitc  radiometer path delay pcrfmmance at the
i cm icvci. in contrast, the tirnc-synchronimd  and nearly co-iocatcd  WV}-? data yielded ‘l’Ml{
comparison rcsiduais  <1 cm after lan(i contamination cor[-cctions  were appiicd



Wc arc not suggcstirlg,  [hat WVRS  should r’cplacc radimondcs as the primary ground truth data
base for in flight calibration of satellite radiometers. in many ways, Ihc WVJ< and radiosonde  data

arc mnplimcntary. ‘1’hc radiosondc  stations rapidly provide a Iargc global data base w}~ich
const[-sins biases and scale errors in the watcl-  vapo]--rclatcci  satellite rtidiomctcr  lctlicvals,  l;or
vapor-inducc(i  path delay, the radiosor~dc ~~lcas~lrcl~lcllts  arc direct, notrcquiring  a model-cicpcndcnt

cmnvcrsion  from measured bri~,htncss Iclnpcmturcs WVf/s arc most useful for the satcllilc
radiometer brightness tcmpcraturc  calibration  ami instrument ~)crl’ort~lancc  ~~lor~itorin~.  ‘i’hcdircct

mcasurcmntof  sk?’brightness tcmpcralurcsat  or ncarthcsatcllitc  radlomclcr  frcqucncics  pmvidcs
anaccuratc(O.5  K) cor~strair~t  onti~chighiy variable atnlosphcri  ccontributions  lothc downward-
vicwing  instrument. ‘I’hc addition ofa well-cmstraincd calm sca sur~dcc  flux compcmcntto  the
WV]{ n~casut-cmcnts  then allows direct  com])ariscms  in the brightness tcmpcraturc domain, yic]din}{
satcliite  radiometer calibration accuracicsat  the 1 K lCVCI,

];[)rfuturc  altilllclry satc]lite lllissioI~s  \\`l~ic}l illcl Lldca microwave radiometer toprovidcthc

tro~>os[~l~cricra  r~gccorrectiorl,”  it Isrccommcndcdt  hat cm WVRbcincludcd  tosupplcn~cnt  the
standard globai  radioscmdc comparisons in Ihc in-jlight vcrillcation  pian, ‘1’hc ideal deployment
location would bc a small island radiosondc  station, at least 500 km from the nearest large
Iami mass, and within 50 km of a mid-l  atitu(ic node crossing position of the satellite ground track.
As demonstrated by the WV]{ performance at 1 ampcdusa,  the instrument could operate in an
unattended mode for a year or nmrc,  with data transfer via modcm  or monthly ciownloading  by
radiosondc station pcrsonnc], ‘1’hc required on-site manpower suppor[  is minimal, consisting mainly
of prc-overflight checks which include cleaning of the WV}<  radomc and reflector surfaces.
1 lcplo?mcnt  at a radiosondc weather station wou]d also pmvidc useful support data such as cloud
cover, wind speed, and comparisons to monitor the WVR performance.

other desirable characteristics of t}~c deployment site would inc]udc a high percentage of low
wind and c]oud-fr’cc  conditions and ]argc scasonai  variations in vapor abun(iancc.  Calm  an(i c]car
con(iitions  minimize comparison uncertainties associated with wind-induced cmissivity  variations

and horizontal variations in the cloud effects, ‘1’hc seasonal variations dctcrminc  the dynamic range
over which the instrument calibration and retrieval performance can bc monitored, Radiosondc  data
statistics from candidate island weather stations woul~i bc analyzed to find a site which best
satisflcs  the above criteria,

‘1’hc authors would like to acknow]cdgc  scvcrai Individuals  and organizations for their assis[ancc
with lhis work. Peter Gaiscr  and Karen St, Gcrmainc of the llnivcrsity  of Massachusetts deployed
and operated the WVRS at Chichi Jima and Not-folk. ‘i’hc Japanese 1,ocal Meteorological
observatories and the Australian 13urcau  of Mctcorolo~y  were very helpful in facilitating the WVf<

deployments at Chichi  .iima and Norfolk. Robert Jablonski  and l)hilip (ic 131icck,  under the authority
of Comman(icr 1,’I’JG (’atalano at the U.S. (’oasl (;uard station  at 1,ampcdusa, monitored the
pcrl’ormancc  of the 1,ampcdusa  WVR and pmvidcd  tiincly data transfers throughout the first year
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of operation. Alan ‘1’anner  of the .lct I>ropulsion  1,aboratory  maintained Ihc WVRS  at 1 larvcst  and
1,ampcdusa,

‘1’his work presents the results of onc phase of research conducted at the .lct l’repulsion
1 .aboratory, (California lnslitutc  of ‘1’cchno]ogy, l’asadcna,  C~A, under contract to ihc National
Acmnautics  and Space Administration.
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l’aramclcr 1 larvcst I .ampcdusa

b( 1 8): 18 G] 17 (hl-l;arlh  IIeam  I;laction
b(? 1 ): 21 (;117 on-llarth  Ilcam l;raction
tJ(37): 37 (i] 17 (hl-l;arth IIcam fraction
‘1’,( I 8): 18 (i] Iz. open-(kxxin on-l{arlh ‘I’t, (K )
‘I’r(? 1 ): 21 (;1 lZ open-ocean” On-l larth  ‘1’1, (K)
“1’C(37):  37 (i] ly, open-ocean” On-1 ;arth ‘I’b (K)
‘I’,,,p( 18): 18 Glly Average Main IIcam ‘I’b (K)
‘1’,,,P(21 ): 21 (;11~ Average Main IIcam ‘1’1) (K)
‘1’,,,, (37):  37 (;llz Average Main IIcam “1’1, (K)
l:lf,.f$:  1 and l;raction, on-}{  ar[}l Side 1 ,obcs

0.0278
0.0247
0.()?1s
170
170
169

1’27
146
156
0.48

0.0278
0.0247
0,021s
I 70
170
169
13(I
150
156
0.80
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arcs

-.----.-] ]:i~v~sl---- - - - - - - -1 ,ampcdusa  -------
‘1’MR Main On-carlh  ‘1’olal Main On-earth ‘1’otal

(’hannc] IIcam side lobes IIcam side Iobcs

1.8 I.1 0.2 1.8 2.()

I 37 (;117 0.8 0.9 1.7 ().2 1,5 1,7
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‘J’a]Jl~ 3. Nrt ]Irigltfness  ‘1’empcrai u w offsets: (;orrectd ‘I’M R minas W\71t-prdictcd

‘I’M]<  (’hannC] I lawcst 1 ,ampcdusa Norfolk

18 G117 ~~ K ],~K 1.4K

?1 (;117 1.1 3,() 1.4

37 Gtlz 1.7 2,1 1.9



IJigure 1,}’rc-cycle 1 colTlparisotls  ofl~lcasurc(larld  WVf{-prcdictcd  ”l’Ml{brightncss
Icmpcraturcs  at the 1 larvcst  and 1,ampcctusa vcrif]cation sites. ‘1’hc 6-12 K ‘1’MR offsets WCIC
cffcctivcly  rcmovcct  when post-launch corrections to the antenna tcmpcrat  urc cal it>ration
algorithm were applied. ‘1’hc final nmctiflcalions  to the ‘I’M}< antenna pattern algorithm have
not yet been implemented.

l;igurc 2. I larvcst  overpass comparisons of measured and WVR-prcdictcd  ‘lMl< brightness
tcnlpcratures  for clear, calm conditions through cycle  40. ‘l’he final ‘l’Ml< calibration al~orilhms
have been ut il izcd,  but no corrections for land contamination have been applied.

F’ip,urc 3. Same as ligurc 2, but for 1,arnpcdusa  overpass data.

l;igurc 4. Same as l;igurc  2, but for Norfolk overpass data.

l;igure 5, ~unlulative  ‘1’MR beam power as a funclicm  of polar angle as dctcrmincd  from prc-
Iaunch  antenna pattern mcasurcmcnts.  Within the main beam ((l  : 0-10 degrees), each dcgrcc
of polar angle corresponds to -23.3 km along the car{h’s surface.

l;igurc  6.1 and fractions within the ‘1’MR main beam vs. polar anp)lc at the 1 larvcst  and
1.atnpcdusa  verification sites. At } lar-vest the ‘l’MI<  p,roundtrack  location for comparisons with
the WV]{ data is chosen to bc 40 km from the ~alifornia coastline (- 30 km from the 1 larvcst
platform),

l:igure 7.1 larvcst  overpass comparisons of ‘1’MR-rctricvcd  and WVR-rctricvcd  path delay for
data through cycle 40, including cloudy and windy cases, ‘l’he final ‘1’MR calibration algorithms
have been utilized, but no land correction applied.

l’igure 8. Same as l:igurc  7, but for 1,arnpcdusa  o~crpass data, ‘1’hc much greater number of
comparison data (relative to 1 larvcst)  is duc to the occurrence of two near overpasses for each
cycle at the rmdc-crossing  l,arnpcdusa  site,

I;igurc 9. Sarnc as };igurc  7, but for the Norfolk and (;hichi Jima overpass data. Or~{y  two of
the four ~hichi  Jima overpasses arc included due to the occurrence of rain during two of the
overpasses.
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